Transcription activator-like effector nuclease (TALEN) technology has been utilized widely for targeted gene mutagenesis, especially for gene inactivation, in many organisms, including agriculturally important plants such as rice, wheat, tomato and barley. This report describes application of this technology to generate heritable genome modifications in maize. TALENs were employed to generate stable, heritable mutations at the maize g lossy2 ( gl2 ) locus. Transgenic lines containing mono-or di-allelic mutations were obtained from the maize genotype Hi-II at a frequency of about 10% (nine mutated events in 91 transgenic events). In addition, three of the novel alleles were tested for function in progeny seedlings, where they were able to confer the glossy phenotype. In a majority of the events, the integrated TALEN T-DNA segregated independently from the new loss of function alleles, producing mutated null-segregant progeny in T1 generation. Our results demonstrate that TALENs are an effective tool for genome mutagenesis in maize, empowering the discovery of gene function and the development of trait improvement.
Introduction
Transcription activator-like effector nucleases (TALENs) are fusion proteins of native or artificial TAL effector DNA-binding domains and the DNA-cleavage domain of the restriction enzyme FokI (Christian et al., 2010; Li et al., 2011a,b) . The modular TAL effector repeats can be custom-tailored into DNA recognizing domains for virtually any sequence in a genome (Boch et al., 2009) . When expressed in cells, the paired TALENs recognize and bind to two adjacent, opposite subsites, enabling the FokI domains (homo-or heterodimeric) to dimerize and cleave the DNA double strands. The DNA double-strand breaks (DSBs) can be repaired in vivo through nonhomologous end-joining (NHEJ) repair or template-based homologous recombination, a process exploitable for site-specific genetic alteration (Joung and Sander, 2013; Miller et al., 2011) . TALENs have emerged as a promising genetic tool for targeted gene mutagenesis as demonstrated in a plethora of organisms such as yeast, plant, nematode, insect, fish, mammal and human cells (Hockemeyer et al., 2011; Huang et al., 2011; Li et al., 2012; Sander et al., 2011; Tesson et al., 2011; Wang et al., 2014; Wood et al., 2011) . Among plants, TALENs have been reported as effective genome mutagenesis tools in rice (Li et al., 2012) , Arabidopsis , Brachypodium (Shan et al., 2013) , barley (Wendt et al., 2013) , wheat (Wang et al., 2014) and tomato (Lor et al., 2014) .
Maize (Zea mays), as an agriculturally valued crop, has been a subject of genetic manipulation from varied approaches including selective breeding that harnesses natural genetic variation and methods that induce new variation such as chemical (EMS) mutagenesis or forward and reverse genetics that exploits endogenous transposon biology (Candela and Hake, 2008) . Recently, methods to target specific sequences for mutagenesis in maize were reported (Gao et al., 2010; Liang et al., 2014; Shukla et al., 2009) . Zinc finger nucleases (ZFNs) were used to modify the maize inositol-pentakisphosphate 2-kinase (IPK1) gene generating altered phytate production in several maize lines (Shukla et al., 2009 ). An engineered homing nuclease based on I-CreI was demonstrated to successfully target the maize liguleless-1 locus and facilitate NHEJ-based gene mutagenesis; sitespecific insertions/deletions were detected in the primary (T0) transgenic plants at a frequency of 3%, and inheritance of several mutated alleles was demonstrated in the T1 generation (Gao et al., 2010) . Most recently, both TALENs and CRISPR/Cas9 constructs were used to target four endogenous loci in maize protoplasts (Liang et al., 2014) . While T0 maize plants containing TALENtargeted somatic mutations were produced, the inheritance of TALEN-induced mutations in maize has yet to be demonstrated.
Here, we report the generation of heritable TALEN-induced mutations at the maize glossy2 (gl2) locus. We demonstrate TALEN-induced gl2 mutations that are heritable and segregate independently of the inserted TALEN T-DNA cassette, generating mutated null segregants in a single generation. In addition, several of the novel mutant alleles we generated condition the classical glossy phenotype associated with known mutations at this locus (Bianchi, 1978; Hayes and Brewbaker, 1928) .
Results

Construction of TALENs targeting the maize endogenous gene glossy2
To apply TALEN technology for targeted gene mutagenesis in maize, we selected gl2 as the target and streamlined the procedures from construction of TALEN vectors to identification of intended mutations. We sought to exploit NHEJ-based repair of TALEN-induced DSBs for the generation of transgenic maize plants that contain site-specific mutations of gl2. An outline of the process including time frames of each step is presented in Supplemental Data ( Figure S1 ). Using parameters defined in Li et al. (Li and Yang, 2013) , a TALEN target site was identified in the reference genome sequence of the gl2 locus (GRMZM2G098239). The target site is located in exon one, 110 bp downstream of the translation start site (Figure 1a) . Deletion mutations at this site can result in a frame shift shortly after translation initiation, and thus have a high probability of generating a nonfunctional gene product and a mutant phenotype.
Using polymerase chain reaction (PCR) and DNA sequencing, we analysed the target site from the transformable maize genotypes Hi-II (Songstad et al., 1996) , a hybrid and inbred line B104 (Frame et al., 2006) to ensure no sequence polymorphisms were present in the targeted genomic region. Modular repeats with repeat variable di-residues (RVDs) NI, NN, NG and HD were used to recognize the nucleotides A, G, T and C, respectively, in target sites ( Figure S2a) . A Golden Gate-based cloning strategy was employed to synthesize the TAL repeat domains corresponding to the two subsites of the gl2 target site using the modular assembly method as described (Li and Yang, 2013) (Figure S2b ). We used a bacterial version of the TAL effector scaffold with the repeat region replaced by engineered repeats (Li et al., 2012) and used it to test two different TALEN configurations. Newly assembled TAL effector DNA-binding domains were fused to the bacterial homodimeric (Li et al., 2011a,b) and heterodimeric FokI endonuclease domain (Doyon et al., 2011) , resulting in a pair of homodimeric and another pair of heterodimeric TALENs, respectively ( Figure 1b) .
Assessment of TALEN activity in yeast and maize embryo cells
We first validated the activities of TALEN constructs on the gl2 target site using a yeast single-strand annealing (SSA) assay (Li et al., 2011a,b) . The assay depends on DNA repair to join two nonfunctional overlapping fragments of a LacZ gene and thus restoring the enzyme activity of its product, b-galactosidase, on the substrate X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) as a reporter of TALEN activity in yeast cells (See Methods). The gl2 target site sequence was inserted between the LacZ reporter gene fragments and that construct was coexpressed with the newly assembled TALEN genes. Homologous recombination-mediated restoration of the reporter LacZ gene was observed, indicating the paired homodimeric TALENs were active when expressed in yeast (Figure 2a, b) .
We next established a maize embryo cell-based transient assay to test the activity of TALENs in vivo. In this assay, TALEN activity was evaluated using a two-plasmid (reporter construct and TALEN construct) cotransformation system. Two reporter plasmids were constructed. First, a fluorescent reporter gene containing the gl2 target sequence (including the two TALENbinding subsites and the spacer sequence) was generated. A fragment containing this sequence was cloned in frame with and immediately downstream of the endoplasmic reticulum (ER) localization signal of a 35S::ER-mCherry gene (Nelson et al., 2007) . Thus, reporter plasmid p2813 contained a 120-bp insert that adds in-frame 40 amino acids to the mCherry coding region. This plasmid should encode a functional mCherry and serve as a positive control. The second reporter plasmid, p2825, contained a 121-bp fragment that adds the same 40 amino acids followed by one base pair that frameshifts the mCherry coding region, rendering the reporter gene nonfunctional. The TALEN-expressing constructs, p467 (homodimeric Fok1 domain) and p555 (heterodimeric Fok1 domain), were generated by ligating the appropriate TALEN genes into the binary vector pTF101.1, which contains a CaMV 35S promoter-driven selectable marker gene [ Figure 1b , (Paz et al., 2004) ]). To help maximize the heterology of the overall TALEN cassette, the 35S promoter drives TALEN-L gene expression and the maize ubiquitin 1 promoter controls TALEN-R expression (Figure 1b) .
The nonfunctional reporter plasmid p2825 was cobombarded with or without TALEN plasmid into 1.5-2 mm immature maize embryos. We speculated that TALEN-mediated DSBs at the spacer region of gl2 target sequence followed by NHEJ-based repair would in some cases correct the reading frame of the mCherry gene and confer production of a red fluorescent signal in maize embryo cells. Five days after bombardment, mCherry expression was examined by counting the number of redfluorescing cell clusters (spots). While only a fraction of TALENinduced modification would be expected to restore mCherry function, nevertheless, the number of fluorescing clusters may , while p555 contains the heterodimeric FokI nuclease domains with three amino acid mutations depicted as EDL and KRK, respectively (see Figure S2 ).
be used as reporter for TALEN activity. We also used this assay to evaluate the relative activity of homodimeric and heterodimeric FokI domains in the context of a single combination of TALE effector scaffold and RVD region. While these mutagenesis assays reported, as expected, low efficiency ( Figure 2d , e) compared with mCherry expression derived from the control plasmid p2813 (Figure 2c ), the results indicated that homodimeric FokI-containing TALENs (in construct p467) were nearly two times as active as the heterodimeric version (in construct p555) in this assay (Figure 2c -h, Table S1 ). This is consistent with several studies reporting compromised activity of several heterodimeric FokI designs leading to reduced efficiency of mutagenesis (Doyon et al., 2011; Miller et al., 2007; Szczepek et al., 2007) . Thus, the homodimeric construct p467 was emphasized for the majority of the labour-intensive maize transformation experiments.
TALENs induce site-specific DNA changes at the maize glossy2 locus TALEN construct p467 was mobilized into Agrobacterium tumefaciens EHA101 that was used to transform maize genotypes Hi-II and B104. Hi-II is a hybrid genotype that is amenable to in vitro tissue culture and genetic transformation; B104 is an inbred that is closely related to the sequenced inbred B73 but is more challenging than Hi-II in transformation (Frame et al., 2006) . We obtained 77 and 27 bialaphos-resistant callus lines from Hi-II and B104, respectively. T7 endonuclease I (T7E1) assay and DNA sequencing analysis on amplicons derived from genomic DNA from each callus line showed that eight Hi-II lines and one B104 line carried mutations at the gl2 site ( Figure 3 ). The nucleotide alterations at the gl2 locus were all small deletions, ranging from 3 to 9 bp and resulting in either in-frame (3-, 6-or 9-bp deletion) TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT-------CGGGGTGTACTACTACCGGTCCGGGGA -7a HT 467.14 TGGCGGACGCGGACCTGGCCTTCAAGCTGCACTA---GCGCGGGGTGTACTACTACCGGTCCGGGGA -3a TGGCGGACGCGGACCTGGCCTTCAAGCTGC---------GCGGGGTGTACTACTACCGGTCCGGGGA -9 HT 467.18
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT----GCGCGGGGTGTACTACTACCGGTCCGGGGA -4 HT 467.22
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT-----CGCGGGGTGTACTACTACCGGTCCGGGGA -5 HT 467.25
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT-----CGCGGGGTGTACTACTACCGGTCCGGGGA -5 HT 467.37
TGGCGGACGCGGACCTGGCCTTCAAGCTGCA------GCGCGGGGTGTACTACTACCGGTCCGGGGA -6 HT 467.44
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT-----CGCGGGGTGTACTACTACCGGTCCGGGGA -5 HT 467.46
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACTA-------GGGGTGTACTACTACCGGTCCGGGGA -7b TGGCGGACGCGGACCTGGCCTTCAAGCTGCACTAC---CGCGGGGTGTACTACTACCGGTCCGGGGA -3b HT 555.1
TGGCGGACGCGGACCTGGCCTTCAAGCTGCACT----GCGCGGGGTGTACTACTACCGGTCCGGGGA -4 B104 467.12 TGGCGGACGCGGACCTGGCCTTCAAGCTGCACTA-------GGGGTGTACTACTACCGGTCCGGGGA -7b or frame-shift (5-or 7-bp deletion) mutations of the gl2 allele. Among those mutated callus lines, two lines (467.14 and 467.46) carried di-allelic (two, nonidentical chromosomal) mutations, while the rest contained mono-allelic mutations (Figure 3a) . TALEN construct p555 (with heterodimeric FokI) was also introduced into a limited number of maize Hi-II embryos. Of 14 bialaphos-resistant callus lines, one mono-allelic 4-bp mutation (555.1) was obtained (Figure 3a) . In summary, from ten callus lines with putative mutations at gl2, we identified twelve total mutations. Moreover, examination of the DNA sequencing traces from the ten individual callus lines revealed two major overlapping sequence peaks starting at the deletion site in each line (a representative in Figure 3b ), suggesting homogeneity of callus cells that contained the site-specific mutations and that TALENmediated gene mutagenesis occurred early during propagation of the callus line.
From each mutated callus line, multiple T0 plantlets (ranging from 5 to 21) were regenerated and brought to maturity. Genotype analysis using the T7E1 assay showed 70 of 88 T0 plants from the ten callus lines were positive for the mutated gl2 alleles. DNA sequencing analysis on at least two T7E1-positive T0 plants of each line showed that plants derived from the same callus event carried identical nucleotide deletions and allele combinations, as predicted from assaying the progenitor callus lines. Therefore, the overall site-specific mutagenesis frequency in stable T0 plants from these experiments was 9.9% (9/91) for Hi-II and 3.7% (1/27) for B104.
To investigate whether the presence of TALEN constructs in the plant genome could lead to somatic mutagenesis during later growth stages of T0 plants, we also regenerated plants from callus lines that were transgenic but mutation negative at the gl2 site. Reverse transcriptase (RT)-PCR analysis on T0 plants derived from six mutation-positive and three mutation-negative callus lines showed that the TALEN gene was expressed at a similar level in these plants ( Figure S3 ). However, no somatic mutations at the gl2 locus were detected in the mutationnegative callus lines, despite the expression of TALENs in these plants. Nor were new mutations detected from the mutationpositive lines as assayed by sequencing PCR amplicons of the relevant region. These results supported the approach to first screen the callus events for mutations prior to plant regeneration, as a majority of the T0 plants regenerated from mutated callus lines contained mutations, while no plant regenerated from TALEN-expressing, nonmutated callus lines contained an altered gl2 allele. This observation suggests that mutagenesis occurs at an early stage during the transformation process, similar to the situation observed using these same vectors in rice (Li et al., 2012) . It is possible that co-expression of the gl2 targeting nuclease genes might be sufficient at early stages of embryogenic callus proliferation, but that reduced co-expression in differentiated plant tissues (leaves) results in a lack of detectable somatic mutations in these T0 plants. In contrast, mosaic patterns of mutations were reported in the T0 plants of barley (Wendt et al., 2013) and maize (Liang et al., 2014) when different TALEN scaffolds and promoters were used (Christian et al., 2012) .
Inheritance of TALEN-mediated mutations and the removal of T-DNA in T1 generation plants Inheritance and segregation of the mutated gl2 alleles and TALEN cassettes were examined in T1 progeny of six independent lines (Table 1 ). T0 plants from five mutated lines were pollinated by maize inbred line B104. In event 467.25, a T0 plant was crossed with a sibling, mutated T0 plant. Four of the six events (467.3, 467.18, 467.22 and 467.25) showed segregation of the TALEN cassette and of the mutated gl2 locus that was supportive of a single-locus T-DNA integration genetically unlinked to gl2. In addition, the mutant gl2 alleles were all inherited in a predicted Mendelian manner, further supporting the interpretation that the mutations detected in the T0 generation were not somatic in nature. In contrast, event 467.37 showed inheritance of the TALEN cassette, but not the mutation at the gl2 locus suggesting the mutation detected in the T0 plants was not transmitted through the germ-line. Finally, segregation analysis of event 467.46 suggests multilocus insertions of the TALEN cassette, as 15 of 15 progeny plants examined by PCR amplification of the FokI region contained a TALEN cassette. In addition, this event was determined to be di-allelic at gl2, containing two different chromosomal mutations (3-bp and 7-bp deletions) in the T0 generation. While the inheritance of the TALEN genes suggests a multilocus T-DNA insertion, the two novel mutated gl2 alleles both transmitted and segregated as expected.
To investigate more thoroughly the segregation of the T-DNA cassette and/or its components, the transformation selectable marker gene (35S-bar) and two TALEN genes, we designed four pairs of primers to detect the presence of six regions across the T-DNA and analysed by PCR the genomic DNA of some T1 progeny of the mutated line 467.18 (Figure 4a ). Twenty-two T1 progeny plants of the line 467.18 were analysed by PCR amplification with T-DNA-specific primer pairs and genotyped at gl2 using the T7E1 assay. Five plants (#5, 8, 18, 19 and 21) were identified as progeny that contain the mutated gl2 alleles and lack T-DNA PCR amplicons attributable to the mutagenesis-inductive T-DNA (Figure 4b ). In summary, four of the six tested mutations at the gl2 locus were inherited, and mutations could readily be segregated from the inductive TALEN cassette, resulting in stable gl2 mutants lacking the TALEN transgene, or so-called null segregants.
Novel mutations at the gl2 locus condition the classic phenotype
Glossy mutants in maize have been well characterized, and null mutations produce an easily observable seedling phenotype due to altered epicuticular wax composition in juvenile leaves (Bianchi, 1978; Hayes and Brewbaker, 1928) . Alleles from three TALENmediated events (467.3, 467.18 and 467.22) were tested for their ability to condition a classic glossy phenotype and to complement existing gl2 mutant alleles. Event 467.3 carries a mono-allelic 7-bp deletion of the gl2 gene and was self-pollinated. The seedlings of this cross should segregate normal (Figure 5a ) and glossy ( Figure 5b ) phenotypes in a 3 : 1 ratio, because gl2 is a recessive mutation. Event 467.18 (mono-allelic 4-bp deletion) and event 467.22 (mono-allelic 5-bp deletion) were test-crossed with mutant alleles gl2-N239 and gl2-N718, respectively. If the alleles with mutations fail to complement the known gl2 mutations, then the seedlings of these crosses should segregate 1 : 1 for the normal and glossy phenotypes. In all three tested events, progeny segregated the glossy phenotype at predicted ratios ( Table 2 ), indicating that the mutations produced new, mutant glossy2 alleles.
Discussion
In this report, we have developed an effective TALEN system suitable for Agrobacterium delivery of the nuclease genes and demonstrated efficacy of the system to generate heritable gene mutagenesis in maize. The successful rate for TALENmediated mutagenesis reported here is about 10% for the hybrid Hi-II genotype and 3.7% for the inbred B104. A variety of (a) (b) Figure 5 Glossy phenotype conditioned by a TALEN-mutated gl2 allele. Leaves of seedlings with a Gl2 allele (a) and a gl2 allele homozygous for 7-bp deletion recovered from line 467.3 (b) were misted with water. Water drops adhered to the surface of the mutant leaf (b) due to reduced epicuticular wax caused by loss of function of the gl2 gene. factors influence the frequency of NHEJ-mediated mutagenesis, including for example the affinity of nuclease to recognize and bind to its genomic target site and the inherent activity of nuclease. In addition, both optimal nuclease activity and high levels of TALEN expression are important in achieving efficient mutagenesis. Variable expression of the TALEN genes could be attributable to the copy number or influence from the genomic site of T-DNA integration. The frequency of NHEJ-induced mutagenesis is also determined by the intrinsic error-prone nature of DSB repair in a eukaryote. For example, the NHEJ repair of DSBs in yeast is mostly accurate, resulting in low rates of gene disruption via its cryptic NHEJ repair pathway (Li et al., 2011a,b; Moore and Haber, 1996; Wilson and Lieber, 1999) . The frequency of mutagenesis obtained here (7-10%) using TALENs is slightly higher than the 3% mutagenesis frequency reported when the maize Liguleless1 gene was targeted using an I-CreIderived meganuclease (Gao et al., 2010) and much lower than the 39% somatic mutagenesis rates reported in maize T0 leaves (Liang et al., 2014) . The TALEN-induced mutagenesis rates in general varied widely by species, transformation methods, TALEN architecture and construction. For example, TALENs produced about 48-63% mutant progeny in transgenic rice plants (Li et al., 2012) ; mutation frequency in rice and Brachypodium callus lines ranged from 3.8 to 100% (Shan et al., 2013) ; a pair of TALENs targeting a locus in wheat produced 6% NHEJ-based mutations (Wang et al., 2014) . In Arabidopsis, plants expressing the most active TALEN pairs transmitted mutations to the next generation at frequencies ranging from 1.5 to 12% . While the TAL effector scaffolds, expression strategies, target genes and DNA delivery methods vary among these studies, it is difficult to draw direct comparisons of outcomes; however, it does clearly demonstrate that these designer nuclease-based tools can be effective in a diverse range of plant systems. TALENs derived from the wild-type, homodimeric FokI nuclease domain could efficiently induce site-specific mutations in monocot plants including maize (Li et al., 2012; Liang et al., 2014; Wang et al., 2014; Wendt et al., 2013) . However, the major drawback of the FokI nuclease domain is that the derived nucleases function as a homodimer, and in the case of a pair of TALENs, three combinations are possible: two left target site monomers, two right target site monomers or a pair of right/left site monomers. These homodimers can be as nearly functional as a nuclease composed of one left site and one right target site monomer. As a consequence of this, DSBs may be produced at sites recognized by either one or both nucleases potentially resulting in an overwhelming amount of unintended DSBs and collateral damage to the cells, leading to so-called off-target cytotoxicity (Wright et al., 2014) . To counter these potential offtarget effects, several obligate heterodimeric FokI domains have been developed. The designs have reduced cytotoxic effects ascribed to off-target DSBs by limiting the production of functional nucleases to those generated by pairing the intended left and right target site monomers. The trade-off is that the enzymatic activity of many heterodimeric FokI designs is compromised, leading to reduced efficiency of mutagenesis (Doyon et al., 2011; Miller et al., 2007; Szczepek et al., 2007) . As a specific heterodimeric version (ELD/KKR) of FokI used in the context of a TALEN was reported to modify target loci in zebrafish as efficiently as a homodimer but with less toxicity (Cade et al., 2012) , we tested TALENs consisting of the same TAL effector DNA-binding domains fused with the homodimeric FokI domain or the obligate heterodimeric ELD/KKR FokI domains to compare their efficiency of mutagenesis in maize cells. The results suggest that the heterodimeric TALENs were less active in inducing NHEJbased mutagenesis in our transient assay than the homodimer, but generated the mutant gl2 alleles at a frequency similar to the homodimeric counterparts (7.2% vs. 10%). As a possible readout of cytotoxicity, we did not notice an obvious discrepancy of transformation efficiency associated with these two types of TALENs. Taken together, we conclude either homodimeric or heterodimeric TALENs are useful for targeted mutagenesis in maize.
To increase DNA heterology of the overall TALEN cassette, we used the cauliflower mosaic virus (CaMV) 35S gene promoter for TALEN-L and the maize ubiquitin 1 (UB1) gene promoter for TALEN-R. Both promoters are strong and constitutive promoters in monocotyledonous plants, although 35S is reported to be less active in monocots than in dicots (Battraw and Hall, 1990; Christensen et al., 1992; Odell et al., 1985) . These promoters have also demonstrated expression in maize embryogenic callus enabling the selection of clones of mutagenized cells from which zygotic embryogenesis produces T0 plants (Zhao et al., 2002) . While it is possible that these two promoters might not be equally active to drive co-expression of two TALEN genes, this design has been successfully used to generate targeted genome modifications in rice (Li et al., 2012) . As targeted mutations were obtained with the construct design as described, other promoters or alternate strategies such as using a single promoter to express two TALEN genes separated by a T2A translational skipping sequence (Wang et al., 2014; Zhang et al., 2013) were not tested.
Similar to other nuclease-mediated gene mutagenesis technologies, TALENs are a powerful tool to generate target site-specific mutations within a relatively short time period. Compared to the fast emerging CRISPR/Cas9-based approach, TALEN-based gene mutagenesis has an advantage of conferring a low frequency generating nonspecific or off-target cleavage and mutagenesis (Reviewed by (Joung and Sander, 2013; Carroll, 2013) ). Furthermore, certain genomic sites of interest for targeted mutagenesis (e.g. sequences corresponding to mature miRNA, small regulatory elements of genes) may not contain a PAM sequence required for CRISPR/Cas9 mutagenesis or the DNA sequence (e.g. a run of poly T causing immature transcriptional termination of guide RNA gene) not suitable for design of guide RNA.
In summary, our maize TALEN system expands the genetic toolbox for both basic biological research and agricultural applications intended to add value to maize by crop improvement.
Experimental procedures
Design and construction of TALEN genes
The paired TALEN (TALEN-L and TALEN-R) genes were designed and assembled using a Golden Gate cloning-based method as described (Li and Yang, 2013) . Briefly, repeats from a library of single repeat units were digested with BsmBI and first ligated into three repeat fragments (each consisting eight repeats with RVDs corresponding the 8 nucleotides of target site). For each gene, the three fragments were released with restriction enzyme and assembled into TALEN scaffold to obtain plasmid pSK-TALEN-L or pSK-TALEN-R. The full length and AD (activation domain)-truncated backbone of TAL effector gene avrXa7 were used for TALEN-L and TALEN-R, respectively. Three FokI endonuclease domain versions were used in this study: the bacterial homodimeric version was used for both TALEN-L and TALEN-R of construct p467, while a heterodimeric EDL version was used for TALEN-L and a KRK version for TALEN-R of construct p555. DNA sequences for the heterodimeric domains were rice-codonoptimized based on the amino acid sequences as reported by Doyon et al. (2011) .
Yeast single-strand annealing assay
The paired homodimeric TALEN genes were released from pSK-TALEN-L and pSK-TALEN-R using the restriction enzymes BglII and SpeI and ligated into the BamHI and SpeI pretreated pCP3M and pCP4M, respectively, resulting in two yeast plasmids for TALEN gene expression in yeast cells. To construct the reporter plasmid, PCR amplicon from the Gl2 target site was digested with BamHI and SpeI and ligated into the BglII and SpeI pretreated pCP5 vector. The insertion of the TALEN-binding element containing Gl2 fragment separated the two halves of a nonfunctional LacZ gene, which encodes b-galactosidase, in the reporter construct pCP5-Gl2. The protocols for yeast transformation and b-galactosidase activity assay were followed as described (Li et al., 2011a, b) . Briefly, the plasmids pCP3-TALEN-L and pCP4-TALEN-R were introduced into yeast mating strain YPH499. A combination of pCP3M and pCP4M empty vectors was used as negative control. The reporter plasmid pCP5-Gl2 was transferred into yeast YPH500. The YPH499 and YPH500 transformants were mixed, and cells were plated out on medium lacking appropriate amino acids to select and maintain the TALEN expression and reporter plasmids. Following a membrane lift, yeast colonies were stained with X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside) for visualization of TALEN relative activity.
Construction of maize transformation plasmids
Plasmid pTF101.1, a binary vector (Frame et al., 2002) , was modified to contain an expression cassette consisting of the cauliflower mosaic virus (CaMV) 35S promoter, the multiple cloning sites and the nopaline synthase (NOS) terminator, resulting in pTF-35S. The TALEN-L gene in pSK-TALEN-L was released by BglII and SpeI and cloned into the BamHI and SpeI pretreated pTF-35S, resulting in construct pTF-35S: TALEN-L. Meanwhile, TALEN-R gene in pSK-TALEN-R was similarly cloned into pEH3, a vector described previously (Li et al., 2012) . The TALEN-R gene expression cassette (ZmUbi:TALEN-R) in pEH3 was further subcloned into pTF-35S:TALEN-L by HindIII, resulting in construct p467. Similarly, the heterodimeric TALEN genes were generated as construct p555.
Transient assay for TALEN activity in maize embryo cells
For the maize cell-based TALEN activity assay, a reporter construct was generated. The ER-mCherry gene was removed from CD3-959 (Arabidopsis Biological Resource Center; Nelson et al., 2007) by PCR and cloned into pTF101.1 at the EcoRV/AatII sites, replacing the phosphinothricin N-acetyltransferase coding gene (bar for Bialaphos resistance) with ER-mCherry. The 120-bp and 121-bp regions at Gl2 target site were amplified using primers EUO795 + EUO796 and EUO795 + EUO797, respectively. These fragments were cloned between the ER-localization signal and the mCherry encoding sequence (at the NcoI site) using infusion cloning reagents (Clontech, Mountain View, CA), generating reporter plasmids p2813 (in frame) and p2825 (out of frame). All PCR generated reading frames were confirmed by DNA sequence analysis.
Maize immature embryos (1.8-2 mm in length) were dissected, pre-incubated for 1-3 days at 28°C and pretreated on osmotic media for 4 h prior to bombardment (Vain et al., 1993) . Plasmid DNAs were coated on 0.6-lm gold particles, and embryos were bombarded with 650-psi rupture discs at 6 cm target distance as previously described (Frame et al., 2000) . One day postbombardment, embryos were moved to the callus induction medium as described above, and mCherry expression was visualized 3-7 days later using a Leica dissecting fluorescence microscope (Chroma Technology 500-700; ET-mCherry/Texas Red filter).
Maize transformation TALEN binary plasmids described above were introduced into Agrobacterium tumefaciens EHA101 through electroporation. Agrobacterium-mediated transformation of immature embryos of Hi-II and B104 maize lines was performed as previously described (Frame et al., 2002) (Frame et al., 2006) except that cocultivation media contained 300-mg/L L-cysteine and Agrobacterium liquid cultures used for embryo infection were shaken for 2 h prior to use. For Hi-II embryos, cocultivation medium was supplemented with 100-mg/L cefotaxime. Bialaphos-resistant callus events were screened for mutations at gl2 using the T7E1 assay.
T7E1 assay and sequencing to detect mutations at gl2
Callus cells and leaf tissues of the primary transgenic (T0) plants were used to extract genomic DNA using the CTAB method (Murray and Thompson, 1980) . The genomic DNA was used to PCR-amplify the relevant regions centred on the TALEN target site with specific primers (see Table S2 ). The PCR products derived from the transgenic tissues were mixed with wild-type-derived amplicon, denatured (95°C for 5 min) and re-annealed (ramp down to 25°C at 5°C/min), and then subjected to T7E1 digestion and agarose gel electrophoresis. The amplicons derived from the T7E1-positive samples were treated with ExoSAP-IT (Affymetrix, Santa Clara, CA) and subsequently sequenced using Sanger sequencing method. The sequencing chromatograms were carefully examined for patterns representative of monoallelic or di-allelic mutations.
Progeny analysis
Genomic DNA was isolated from leaf tissue from individual progeny plants using the method described (Gao et al., 2010) and adding a second centrifugation step (3000 g for 10 min) to additionally clear the cell lysates prior to loading them onto the Whatman GF filter plates. The DNA was eluted from the plates in 200-lL water and 1-4 lL was used as template for PCR. The TALEN cassette was detected by standard PCR amplification using primers EUO772 + EUO773, and the gl2 locus was amplified using EUO750 + EUO751 and sequenced using EUO751. Four primer pairs (TALE.5 0 -F + TALE.5 0 -R, TALE.3 0 -F + TALE.3 0 -R, ZmUbi.p-F + TALE.5 0 -R1 and BAR-F + BAR-R) were used to survey the complete T-DNA in 22 T1 progeny plants of 467.18. RNA was extracted from liquid nitrogen-frozen, powdered T0 and T1 leaves using 1.0 mL of TRIzol following the manufacturer's protocol (Invitrogen/Life technologies, Carlsbad, CA). An aliquot of 2.7 lg total RNA was treated with DNase I (Promega, Madison, WI), diluted to 20 lL and used for cDNA synthesis using the EcoDry oligo-dT reagents (Clontech). RT-PCR was performed using 1-2 lL input cDNA and standard conditions for 30 cycles. TALEN transcripts were amplified using EUO772 + EUO773; maize ubiquitin 1 was amplified using UQBF1 + UBQR1 as an internal control. Phenotype analysis of glossy mutants was performed by misting young seedlings at the 2-leaf stage with water. The gl2 mutant alleles, gl2-N239 and gl2-N718, were obtained from the Maize Genetics Cooperation Stock Center, Urbana, IL. Primer sequences are provided in Table S2 . Figure S1 Process of TALEN-mediated gene editing through transgenics in maize. The chart shows the main steps and timelines to obtain maize plants carrying TALEN-induced gene edits. Figure S2 The sequences of engineered TALENs. Figure S3 TALEN genes are expressed in maize leaves of T0 or T1 plants of 9 independent transgenic lines. 
